Sperm cells acquire hyperactivated motility as they ascend the female reproductive tract, which enables them to overcome barriers and penetrate the cumulus and zona pellucida surrounding the egg. This enhanced motility requires Ca 2+ entry via cation channel of sperm (CatSper) Ca 2+ -selective ion channels in the sperm tail. Ca 2+ entry via CatSper is enhanced by the membrane hyperpolarization mediated by Slo3, a K + channel also present in the sperm tail. To date, no transmitter-mediated currents have been reported in sperm and no currents have been detected in the head or midpiece of mature spermatozoa. We screened a number of neurotransmitters and biomolecules to examine their ability to induce ion channel currents in the whole spermatozoa. Surprisingly, we find that none of the previously reported neurotransmitter receptors detected by antibodies alone are functional in mouse spermatozoa. Instead, we find that mouse spermatozoa have a cation-nonselective current in the midpiece of spermatozoa that is activated by external ATP, consistent with an ATP-mediated increase in intracellular Ca 2+ as previously reported. The ATP-dependent current is not detected in mice lacking the P2X2 receptor gene (P2rx2
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−/−
). Furthermore, the slowly desensitizing and strongly outwardly rectifying ATP-gated current has the biophysical and pharmacological properties that mimic heterologously expressed mouse P2X2. We conclude that the ATP-induced current on mouse spermatozoa is mediated by the P2X2 purinergic receptor/channel. Despite the loss of ATP-gated current, P2rx2 −/− spermatozoa have normal progressive motility, hyperactivated motility, and acrosome reactions. However, fertility of P2rx2 −/− males declines with frequent mating over days, suggesting that P2X2 receptor adds a selection advantage under these conditions. infertility | P2X channel | purinergic ion channel | reproduction S permatozoa become motile after they are deposited into the female reproductive tract. This initial motility requires intracellular ATP-dependent dynein motors and does not require calcium. As they ascend the female reproductive tract, spermatozoa undergo an incompletely understood set of changes, aggregately called capacitation, that enable them to fertilize the egg. Capacitation, at a minimum, involves enhancement in motility and the ability to release the acrosome. Hyperactivation of motility, in contrast to initial motility, requires calcium permeation through the cation channel of sperm (CatSper) channel complex (1) (2) (3) (4) . In mice, CatSper channel activation appears to be dependent on increasing alkalinity, beginning at the cervix and continuing into the uterus and oviduct. In human ejaculated sperm but not mouse epididymal sperm, progesterone also activates CatSper ion channels (5, 6) . Many biomolecules are present in the female reproductive tract, such as hormones (e.g., progesterone, estradiol); growth factors [insulin-like growth factor and EGF (7)]; and neurotransmitters, such as glycine (8) , glutamate (8) , and GABA (9) . Immunohistochemistry and cytochemistry studies have suggested that male germ cells and spermatozoa express several types of hormonal and neurotransmitter receptors (10, 11) , but their function has never been directly measured.
In previous work, direct recordings of mouse epididymal sperm under a whole-cell voltage clamp reveal two primary currents: I CatSper (2) and I KSper (12) . I CatSper is a complex ion channel encoded by four separate gene products that comprise the pore lining subunits (CatSper1-4) and at least three accessory membrane-spanning subunits: β, γ (13), and δ (14) . The CatSper channel is activated by increasing alkalinity and is absolutely required for fertility in mammals, such as mice and humans (4, (14) (15) (16) (17) (18) (19) . I KSper (12) is encoded by mSlo3, a sperm-specific K + channel with reduced K + selectivity and sensitivity to pH (20, 21) . In human spermatozoa, CatSper, a voltage-gated proton current (Hv1) (22) , and an unknown K channel are present, but only the loss of CatSper is known to produce human male infertility to date. In human ejaculated spermatozoa, progesterone enhances gating of CatSper (5, 6) . Here, we describe a third ion conductance directly measured in mouse spermatozoa, ATPgated current (I ATP ), and show that it is a purinergic P2X2 receptor channel.
Results
ATP Activates an Inwardly Rectifying Current in the Midpiece of the Spermatozoa. Mouse whole-spermatozoon currents were measured in response to repetitive voltage ramps over the physiological range as hormones and neurotransmitters were applied. Progesterone, adenosine, glycine, GABA, serotonin, norepinephrine, aspartate, and acetylcholine applications (Fig. 1A and Fig. S1A ) induced no detectable current. In contrast, 100 μM ATP induced a large and fast-activating inward current ( Fig. 1 A and B) that desensitized with a time constant (τ) of 24 s (Fig.  1B) . Desensitization was less pronounced at lower ATP concentrations (Fig. S1B) . ATP activation of the current was dosedependent with an EC 50 for peak current of 16 μM (Fig. 1C) . To abrogate I KSper , Cs + replaced K + in the pipette solution, revealing that I ATP strongly inwardly rectified (Fig. 1D) .
Sperm fragments containing only the head plus the midpiece or only the midpiece plus the principal piece were then used to determine the localization of I ATP . ATP (100 μM) activated a large inwardly rectifying current in the head plus midpiece fragment, whereas, as expected, no I CatSper was detected (Fig.  1E) . I CatSper and I ATP were readily detected in the midpiece plus principal piece fragment (Fig. 1F ). There was no statistical difference between I ATP measured from the head plus the midpiece (−0.52 ± 0.03 nA) vs. from the midpiece plus principal piece (−0.45 ± 0.05 nA; mean ± SD); thus, we conclude that the strongly inwardly rectifying I ATP originates from the midpiece of the mouse spermatozoon. Fig. 2A) Fig. 2C and Fig. S2 B and C. We conclude that sperm I ATP is an intrinsically rectifying, nonselective, Ca 2+ -permeant cationic current. These properties are consistent with purinergic ionotropic channels.
Pharmacological Properties of Spermatozoa I ATP . Extracellular ATP activates the seven members of the purinergic ionotropic family (P2X1-7) of ligand-gated ion channels (23) . Each subtype has a unique pharmacology that enables partial dissection of the molecular identity of I ATP in the mouse spermatozoa. ATP, but not ADP, UTP, α,β-methylene-ATP, β,γ-methylene-ATP, benzoylbenzoyl-ATP, or 2-methylthio-ATP ( Fig. 3B and Fig. S3A ), activated mouse sperm I ATP . The purinergic antagonist trinitrophenyl-ATP reversibly blocked sperm I ATP (Fig. S3B ), in contrast to suramin, pyridoxalphosphate-6-azophenyl-28,48-disulfonate, and NF023, a suramin analog, (Fig. 3B ). This pharmacological profile suggests that either P2X2 or P2X4 receptor may mediate sperm I ATP . Although P2X2 and P2X4 are both potentiated by Zn 2+ (24, 25) , only P2X2 homomeric channels are potentiated by acidic pH (25, 26) . We found that extracellular acidification (pH 6.0) and Zn 2+ (10 μM) increased I ATP by threefold ( 
3C
). Taken together, these results point to P2X2 as the purinergic receptor most likely responsible for I ATP .
Expression of ATP Receptor in Mouse Sperm Cells. We detected two transcripts encoding P2X2 receptors in mouse testis (Fig. S4A ), in agreement with a previous report (27) . P2X2 protein was detected by Western blotting in wt mouse testis and spermatozoa ( Fig. 4C and Fig. S4B ). P2X2 antibody recognized a prominent band migrating at ∼70 kDa in testis lysates (Fig. S4B) , as well as bands of 64 and 57 kDa, consistent with the N-linked glycosylation pattern previously shown for P2X2 receptors (28) . However, only the 60-and 52-kDa bands were detected in lysates from isolated spermatozoa, suggesting that P2X2 was not glycosylated under these conditions or was partially proteolyzed (Fig. 4C , the lower band is consistent with the molecular mass predicted for the primary amino acid sequence, 485 amino acids of P2X2 a ). Confirming the absence of P2X2 protein in the KO mice, no P2X2-reactive bands were observed from lysed spermatozoa from P2rx2 −/− males. Unfortunately, the P2X2 antibody was inadequate for immunocytochemistry.
P2X2 Receptor Channels Mediate I ATP in Mouse Spermatozoa. We cloned a longer transcript corresponding to the cDNA of the P2X2 a receptor from a mouse testis library. Expression in HEK-293T cells reconstituted the essential properties of sperm I ATP (Fig. S5 ). Most importantly, we found that mice lacking the P2rx2 gene lack I ATP (Fig. 4 A and B) , whereas I CatSper remained unchanged. These results identify the P2X2 receptor channel as underlying the large ionotropic purinergic current in mouse spermatozoa.
P2X2: Spermatozoan Function. P2rx2 −/− mice exhibited no defects in sperm morphology, sperm count, motility, or percent of sperm undergoing the acrosome reaction (Figs. S6 and S7). Capacitated sperm reportedly swim faster in the presence of millimolar levels of ATP (29) . In agreement with this report, we observed slightly faster swimming with 1 mM ATP (Fig. S6C ), but hyperactivated motility was not significantly different in wt and P2rx2 −/− sperm cells (Fig. S6 C-E) . In addition, in vitro fertilization (IVF) assays were not affected by the presence or absence of apyrase (an ATP diphosphohydrolase; Table S1 ). Finally, male fertility was similar in P2rx2 −/− (7.2 pups per litter) and wt mice (7.8 pups per litter).
Mitochondria and P2X2 channels are localized to the sperm midpiece, where ATP activation of these channels increases Ca 2+ influx. Increases in intracellular Ca 2+ energizes sperm mitochondria (30) , presumably as a consequence of Ca 2+ -dependent potentiation of enzymes in the Kreb's cycle (e.g., pyruvate dehydrogenase) (31) . Thus, we investigated whether purinergic agonists increase mitochondrial energy production. Initial basal ATP levels (0.6 ± 0.2 vs. 0.7 ± 0.1 nmol per million sperm cells) were similar in spermatozoa from wt and P2rx2 −/− mice, which was unchanged after 30 min or 1 h of incubation under capacitating conditions. Removal of carbon sources from the incubating medium human tubal fluid (HTF) resulted in loss of wt and P2rx2 −/− spermatozoa motility. Readdition of metabolic substrates or ATP rapidly recovered sperm motility; 300 μM ATP restored sperm motility to levels comparable to sperm incubated in complete HTF medium (Movies S1-S6). Finally, we found no difference in restoration of motility by addition of ATP to sperm cells from wt and P2rx2 −/− mice. Interestingly, a rapid increase in intracellular ATP [(ATP) i ] was observed in wt and P2rx2 −/− mouse spermatozoa 1 min after ATP addition, presumably attributable to the rapid transmembrane ATP transporter adenine nucleotide translocator 4 (32) . The speed and efficiency of ATP uptake prevented us from determining the relative enhancement of energy production by Ca 2+ entry through P2X2 channels.
We searched for an ATP source in the mouse female reproductive tract. ATP levels in uterine fluid recovered after mating were <1 μM. Oviductal fluid from superovulated virgin female mice did not evoke sperm I ATP in patch-clamp recordings. Cumulus cells or ovulated eggs were unlikely to be an ATP source because apyrase did not inhibit IVF. Because of the presence of natural extracellular ATPases, the most likely source of ATP is from transient cellular release after collision of spermatozoa with cells along the route of fertilization. However, using "patchcramming" (33), a method in which the patch-clamped spermatozoon or a Hek-293T cell transfected with mouseP2X2 cDNA is forced into a cell, cumulus-oocyte complex (COC), or oocyte (absent its zona pellucida) in this case, failed to activate I ATP . Osmotic swelling or shrinking of the egg or COC also yielded negative results. These results suggest that the female reproductive tract might not be the primary site of sperm P2X2 receptor function. The P2X2 receptor is potentiated by acidic pH or 10 μM Zn 2+ (Fig. 3D) , conditions also found in the epididymal lumen (34) (35) (36) (37) . The epididymis is responsible for sperm transport, concentration, storage, and maturation. We surmised that the midpiece-localized P2X2 channel might potentiate the maturation process to facilitate sperm supply and might be evident in repetitive mating, providing a selective advantage to sperm that can boost mitochondrial ATP production under conditions of high sexual demand. The ideal experimental design is isolation of ejaculated sperm repeatedly and testing their function in vitro. Because the collection method for mouse semen is not well established, we conducted repetitive mating with females to evaluate sperm fertility in vivo. Indeed, after repetitive mating, there is a significant decrease in P2rx2 −/− male fertility, as shown in Table 1 . The wt and P2rx2 −/− males mated with a superovulated female every other day until completion of five successful matings, as judged by the presence of the vaginal plug. The fertility of P2rx2 −/− males was comparable to that of wt males in the initial mating, as assessed with conventional breeding tests. Interestingly, P2rx2 −/− male fertility gradually declined over repeated mating, whereas wt male fertility remained at ∼90% (Table 1 ). This result suggests that P2X2 receptor enhances the continuous production of functional sperm under conditions of high demand.
Discussion
Four lines of evidence demonstrate that homomeric P2X2 receptors mediate mouse sperm I ATP . First, the P2X2 receptor protein is highly expressed in spermatozoa. Second, ATP evokes I ATP in sperm cells with an EC 50 of 16 μM; the current is rapidly activating and slowly desensitizes (τ = 24 s). These characteristics mimic heterologously expressed P2X2 and P2X4 homomeric channels (23, 38) . Third, I ATP 's potentiation by both Zn 2+ and acidic pH is unique to P2X2 among members of the P2X family (23, 38) . Finally, and most importantly, I ATP is absent in P2rx2 −/− mouse spermatozoon. What is the functional importance of P2X2 receptor/channels in the spermatozoan midpiece? We postulate that sperm count and/ or motility of P2rx2 −/− males declines with frequent matings within a short period, resulting in reduced fertility. In laboratories, pups are counted to assess fertility after paired matings for several months. Once a male impregnates the female, the male mouse is relieved for 3 wk before the next mating. This is not the case in the wild, where there is a selective advantage for male mice that can mate repetitively with several females. Given the high evolutionary pressure on gametes, we suggest that P2X2 presence in spermatozoa provides a selective advantage by providing Ca 2+ to drive mitochondrial ATP production and enhance sperm fitness. The unanswered question is the source of this extracellular ATP.
Materials and Methods
Reagents. Unless otherwise indicated, reagents were obtained from SigmaAldrich. Apyrase (grade II) was used at a final concentration of 0.4 U/mL. Purinergic receptor agonists were prepared as 1,000-fold concentrated stocks in a 20-mM Hepes solution (pH 7.4) and diluted in the appropriate solution just before use. 4) with methanesulfonic acid. The standard pipette solution contained 120 mM Cs-MeSO 3 , 5 mM CsCl, 10 mM Cs 4 -BAPTA, 10 mM Hepes, and 10 mM MES (pH 7.2). Solutions were applied to sperm cells (lifted from the coverslips) initially by bath perfusion. For fast solution exchange (∼1 s), an array of hollow quartz fibers was positioned near the sperm cell. After break-in, the access resistance was 25-80 MΩ.
Whole-cell currents were recorded from intact epididymal spermatozoa. To record from the head plus the midpiece or the midpiece plus the principle piece, beheaded and tail-less sperm cells were prepared by trituration. This allowed us to determine currents from each section of spermatozoa (2) . All experiments were performed at 22-24°C. The whole-cell currents were recorded using an Axopatch 200B amplifier (Molecular Devices), acquired with Clampex 9 (pClamp9 Software; Molecular Devices), and analyzed with Origin software (OriginLab). Signals were low-pass filtered at 2 kHz and sampled at 10 kHz. Data are given as mean ± SD.
Western Blotting. Cauda epididymal spermatozoa isolated from wt and P2rx2 −/− mice were incubated at room temperature for 5 min in lysis buffer containing 1% SDS and 20 mM Tris-Cl (pH 8.0). After centrifugation at 15,000 × g for 3 min, the supernatant (containing 10 6 sperm) was incubated in lithium dodecyl sulfate (LDS) sample buffer (Invitrogen) at 70°C for 5 min, wt and P2rx2 −/− males were cohabited with a superovulated female. Oviducts of females with a coupling plug were flushed with PBS to recover unfertilized eggs and fertilized eggs (2-cell embryos) at 1.5 days postcoitus. The first five successful mating were analyzed for fertility. *To complete five successful matings, wt and P2rx2 −/− males required 6.0 ± 0.71 and 7.4 ± 2.1 (mean ± SD) cohabitations, respectively. † Average number of live eggs from five mated females.
followed by Western blotting with anti-P2X2 antibody (Chemicon/Millipore) and anti-protein kinase A regulatory subunit type II (Santa Cruz Biotechnology) as a loading control. BenchMark (Invitrogen) was used as a molecular weight marker.
Fertility Tests. Female CD-1 mice (7-9 wk old) were superovulated by i.p. injections of 5 IU pregnant mare serum gonadotropin (PMSG) (Calbiochem), followed 48 h later by 5 IU human chorionic gonadotropic (hCG) (Calbiochem). The wt and P2rx2 −/− males (3-4 mo old) cohabited with single females overnight, and the coupling plug formation was checked the following morning. Frequent mating in shorter periods results in failure of vaginal plug formation, suggesting suppression of mating behavior (probably related to behavioral cues). Our experimental design used males with successful mating histories in short periods. We learned that wt males are able to mate every other day when cohabited with females, suggesting that a 1-d relief period is sufficient for normal mating behavior. Mating was repeated every other day until completion of five successful matings. Mated females were killed, and two-cell embryos and unfertilized eggs were collected from the oviduct by flushing with PBS at ∼1.5 d postcoitus; by that time, all fertilized eggs should have developed to two-cell embryos. Fertility rate was calculated after subtracting the number of degenerating or dead eggs, which appeared dark and flattened by phase contrast microscopy. Some of degenerating eggs may result from lowquality sperm fused to healthy eggs. If this is the case, fertility rates could be overestimated. −/− males (3-5 mo old) were incubated in human tubal fluid (HTF) medium for 90 min. In the last 15 min of the incubation period, 100 μM ATP, 10 μM progesterone, and 100 μM ATP plus 10 μM progesterone or 10 μM A23187 were added to the culture. Sperm were washed with PBS, fixed with 4% paraformaldehyde in PBS for 10 min at room temperature, washed with H 2 O, and dried on a slide glass. The acrosome was stained with 0.2% Coomassie blue G-250 in 50% methanol and 7% acetic acid for 3 min, followed by an H 2 O wash. At least 150 sperm for each treatment and three separate experiments for each treatment were examined.
Supporting Information
In Vitro Fertilization. Cauda epididymal spermatozoa (2 × 10 6 /mL) from B6D2F1 males (3-5 mo old) were capacitated in HTF medium (Millipore) at 37°C for 60 min. Female B6D2F1 mice (5-7 wk old) were superovulated by intraperitoneal injections of 5 IU pregnant mare serum gonadotropin (PMSG), followed by 5 IU human chorionic gonadotropin (hCG) 48 h later (Calbiochem/EMD Chemicals). Cumulus oophorus complexes (COCs) were recovered 15-16 h after hCG addition. Some COCs were treated with 50 μg/mL hyaluronidase (Calbiochem) to disperse cumulus cells and then with acid Tyrode's solution to remove the zona pellucidae. Oocytes were inseminated by incubation with sperm in HTF medium at a density of 5 × 10 5 /mL and washed with HTF medium 2 h after insemination. After a 5-h incubation, pronuclei formation was examined by microscopy.
Assessment of Sperm Motility. Cauda epididymis of wt and P2rx2 −/− males (3∼5 mo old) were dissected in M2 medium (Specialty Media/Millipore) and allowed to swim out. Sperm were then transferred to HTF medium (Specialty Media) at a density of 2 × 10 6 /mL and incubated for 90 min to induce capacitation. For some experiments, ATP was added to the medium 15 min before the final incubation time. A sperm aliquot was placed on a prewarmed 80-mm-depth counting chamber slide and analyzed using computer-aided sperm analysis (CASA) (IVOS; Hamilton Thorne Research). At least 500 motile sperm per group were assessed by CASA in some key parameters including curvilinear velocity (VCL), straight-line velocity (VSL), and linearity (LIN = VSL/VCL). The percentage of motile sperm was examined at the time of swim-out into M2 medium with 2-s movies in which at least 200 sperm were counted.
Restoration of Starved Sperm by Adding ATP. Swim-out cauda epididymal sperm in M2 medium were collected after centrifugation at 1,800 × g for 3 min and washed 3 times with PBS. Sperm were then incubated for 50 min in HTF lacking metabolic substrates, i. e., glucose, lactate, and pyruvate. When sperm motility was significantly reduced, 300 μM ATP was added to the sperm suspension and incubated an additional 15 min. Movies of sperm in the 80-μm depth counting chamber slide (Hamilton Thorne) were collected by a CCD camera (model KP-F31SCL; Hitachi) at 60 frames per second at room temperature. . Capacitated wt and P2rx2 −/− mouse spermatozoa were tested for their ability to acrosome react in response to ATP (100 μM), progesterone (10 μM), or the calcium ionophore A23187 (10 μM). At least 150 sperm per treatment in three separate experiments were examined under blinded conditions (mean ± SD). Wt mouse eggs were inseminated in the presence or absence of 2.5 unit/mL apyrase for 4 h. Fertilized eggs were counted based on pronuclei formation.
